We report a high efficiency single Ag nanowire (NW)/p-GaN substrate Schottky junction-based ultraviolet light emitting diode (UV-LED). The device demonstrates deep UV free exciton electroluminescence at 362.5 nm. The dominant emission, detectable at ultralow (<1 µA) forward current, does not exhibit any shifts when the forward current is increased. External quantum efficiency (EQE) as high as 0.9% is achieved at 25 µA current at room temperature. Experiments and simulation analysis show that devices fabricated with thinner Ag NWs have higher EQE. However, for very thin Ag NWs (diameter <250 nm), this trend breaks down due to heat accumulation in the NWs. Our simple device architecture offers a potentially cost-effective scheme to fabricate high efficiency Schottky junction-based UV-LEDs.
required for MQWs. Second, the device operation does not rely on p-n junction, reducing the difficulties associated with doping of semiconductors. 7 Finally, it does not require deliberate introduction of an intrinsic layer to reduce leakage current and to accumulate carriers near the interface, a key process in MIS LEDs. 5, 8 On the other hand, ST-LED is cost-effective due to its simplistic materials and design requirement. 9, 10 Nevertheless, the tradeoff is that the metal layer also absorbs a significant percentage of the LED output, resulting in severe deterioration of the device performance. Here, we propose an ST-LED based on a single Ag nanowire (NW)/p-GaN substrate Schottky junction. The Ag NW replacing the metal layer can significantly improve the compromised device performance due to its small footprint.
Our LED exhibits free exciton emission centered at 362.5 nm under continuous operation with a maximum EQE of 0.9%. This efficiency is the highest reported value for UV-LEDs based on MS Schottky junction and is comparable to the UV-LEDs based on n-or p-type semiconductor nanowire/substrate hybrid structure 2, 11 . Further experiments and simulation show that the EQE of the ST-LED increases with decreasing diameter of the Ag NW (d nw ) before accumulated heat effect overcomes the performance gain.
The schematic of the device, showing a single Ag NW across trenched substrates, is presented in Fig. 1 by a soft, self-seeding process. 13 The synthesized Ag NWs are purified via centrifugation in ethanol and then in deionized water for several cycles. The obtained suspension of Ag NWs is then deposited onto a clean glass substrate for subsequent manipulation. A single Ag NW is picked up from the glass substrate and transferred to the trenched substrates across the gap using a home-made fiber taper. 1 A scanning electron microscope (SEM) image of the device is shown in Fig. 1(b) . The Ag NW is firmly attached to the substrate by van der Waals force.
The electrical measurements are carried out using an Agilent B1500 semiconductor analyzer. Electroluminescence (EL) properties of the ST-LED is measured using a fused silica fiber outfitted with a spectrometer calibrated by a power meter. 1 Since the total output power of a single NW LED is low, we use a purpose-built setup to measure the emission efficiency. For this, a 355 nm laser is input into the spectrometer and power meter to establish a linear relationship between the integrated spectrum and the measured power. nm full width at half maximum (FWHM) and a second peak, centered at 378.6 nm with ~30 nm FWHM. The 362.5 nm peak originates from the sharp, free exciton emission in GaN 14,15 while the second peak is assigned to isolated Mg acceptors in GaN. 14, 15 The positions of both peaks, which originate from the essential characteristics of exciton-related transition in GaN, 15, 16 are independent of forward current from 500 nA to 25 µA (Fig. 2(b) , inset). We also investigate the statistical variation of the dominant peak position of 20 ST-LEDs (Fig. 2(c) ). The devices show similar properties with a narrow emission distribution (~0.73 nm standard deviation).
A typical optical microscope image of the EL emission from the ST-LED is shown in Fig. 2 the influence of nonradiative defects on the light emission characteristics. 18 The low exponent m=1.24 in our device suggests that radiative recombination increases at a faster rate than the nonradiative recombination, resulting in a small increase in EQE at higher forward current. The room temperature EQE of our ST-LED is estimated to be 0.9% at 25 µA forward current. The EL characteristics of the ST-LEDs in our work are compared with LEDs in reported literature based on NW/thin film p-n junction, MIS junction and Schottky junction ( Table 1 ). The EQE of our device is the highest reported to date for UV LEDs based on Schottky junction. We attribute the high efficiency to reduced extinction of emission due to the small diameter of Ag NW. The performance is also comparable to those of the UV-LEDs based on NW/thin film p-n hetero-/homojunctions and MIS junction, with a simpler device architecture and potentially, lower fabrication cost.
The dependence of device performance on d nw is also investigated. Fig. 3(b) Interpretation of these experimental results is presented by analysing the carrier transportation and the emission distribution of the ST-LEDs. As shown in Fig. 4(a) , under forward bias, electrons are directly injected from Ag NW into p-GaN and the recombination area is determined by the minority carrier diffusion length (L n ) and width of the space charge region (w). 7 For Mg doping level of ~10 18 cm -3 , estimated L n and w are ~1 µm and <60 nm, respectively. 21 Thus, L n will dominate the recombination area and the active region (4-12 times larger than Ag NW radius) spreads into the p-GaN. Therefore, only a small part of the active region is covered (e.g. 12.5% is covered for the device with highest EQE at d nw ~250 nm) in contrast to 100% if a metal layer 9,10 is used, improving the EQE.
Further investigation of the spatial distribution of the emission is computed by COMSOL. In our simulation, the emission from the recombination area is simplified to a plane wave of 362.5 nm wavelength with unity amplitude. It illuminates the Ag NW from the GaN substrate side. However, the trend in decreasing EQE for d nw <250 nm is contrary to the simulation predictions. We attribute this discrepancy to heat effects. In our experiments, the ST-LEDs are under continuous operation, generating heat in the Schottky junction at room temperature. 9, 19 We suggest that heat accumulation results in the decrease in measured EQE. Thermal analysis is performed using COMSOL to suppport this. Here, we consider a 3D model consisting of a single Ag NW across the GaN and ITO film on sapphire substrate under a constant heating source located at the interface of Ag NW and GaN. Thermal conductvity of 100 W/(m·K), 23,24 8.2 W/(m·K), 25 46 W/(m·K) 26 and 429 W/(m·K) 26 is used for GaN, ITO, Al 2 O 3 , and Ag bulk, respectively. Size-induced thermal conductivity decrease of NW is also considered in the simulation. 27, 28 For the boundary condition, we set the ambient temperature to 293 K with a 5.0 W/(m 2 ·K) natural convection coefficient. From the simulation results, the generated heat can be efficiently transferred by the Ag NW to the ITO substrate and surrounding air. However, with smaller d nw , decreased thermal conductivity and cross sectional area leads to poor heat dissipation.
The red curve in Fig. 4(c) shows the junction temperature increase from 308 K to 344 K when d nw decrease from 500 nm to 100 nm. Previous reports have pointed out that 7 EQE exponentially decreases with increasing temperature due to less confinement of carriers 30, 31 and increased nonradiative processes such as Auger, 32 Shockley-ReadHall recombination. 33 We therefore suggest that the increase in temperature compromises the performance enhancement of our ST-LEDs, leading into an optimum diameter (e.g.~250 nm in our experiments) of Ag NW for device fabrication.
In conclusion, we demonstrate a ST-LED architecture based on single Ag NW/p-GaN substrate Schottky junction. The emission from the ST-LED is dominated by free exciton emission at 362.5 nm with low defects-related emission. By taking advantage of the nanosized Schottky junction, we achieve EQE as high as 0.9% at 25
µA forward current at room temperture. Also, EL can be detected at low current levels 
